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SnSe, a group IV-VI monochalcogenide with layered crystal structure similar to black
phosphorus, has recently attracted extensive interests due to its excellent thermoelec-
tric properties and potential device applications. Experimental electronic structure of
both the valence and conduction bands is critical for understanding the effects of hole
versus electron doping on the thermoelectric properties, and to further reveal possible
change of the band gap upon doping. Here, we report the multivalley valence bands
with a large effective mass on semiconducting SnSe crystals and reveal single-valley
conduction bands through electron doping to provide a complete picture of the thermo-
electric physics. Moreover, by electron doping through potassium deposition, the band
gap of SnSe can be widely tuned from 1.2 eV to 0.4 eV, providing new opportunities
for tunable electronic and optoelectronic devices.
INTRODUCTION
Narrow band gap semiconductors of group IV
monochalcogenides, such as PbTe and SnTe, are im-
portant thermoelectric materials [1]. In contrast to
monochalcogenides with three-dimensional rock salt
structure, layered SnSe with highly anisotropic structure
has been recently shown to have exceptional thermoelec-
tric properties. In particular, the figure of merit reaches
ZT = 2.6 at 923 K for SnSe [2], and significant enhance-
ment of ZT was reported for hole doped SnSe in the low-
temperature range from 300 K to 773 K [3]. Such high
thermoelectric performance is contributed by multiple
factors with both phononic and electronic origins. The
low thermal conductivity has been attributed to anhar-
monic phonon scattering [4], and the key electronic origin
is the multivalley of the band structure. In addition to
improved thermoelectric properties, such valley proper-
ties can also be useful for room temperature valleytron-
ics, which has been recently reported in a similar com-
pound SnS2 [5]. In the two dimensional limit, monolayer
SnSe is also very attractive for ultrathin device applica-
tions. Different from the cubic structure SnSe [6, 7], low-
temperature phase SnSe shares a similar crystal structure
to phosphorene [8, 9] - another intriguing 2D material
after graphene [10] and transition metal dichalcogenides
[11, 12], yet with a lower symmetry due to the presence
of two types of atoms. Thus monolayer SnSe is expected
to exhibit large spin-orbit splitting piezoelectricity, high
ionic dielectric screening [13], robust ferroelectricity [14]
etc.
So far, experimental studies on the electronic struc-
ture of SnSe have been focused on the valence bands of
metallic or heavily doped samples [15–18], while study on
the electronic structure of semiconducting SnSe with the
advantage to probe the conduction bands has remained
missing. Since the thermoelectric performance can be en-
hanced significantly either upon hole doping [3] or elec-
tron doping [19] in the low-temperature range, it is im-
portant to measure not only the valence band but also
the conduction band in order to obtain a complete pic-
ture of the thermoelectric properties, in particular how
electron or hole doping affects its thermoelectric perfor-
mance. Semiconducting SnSe has an advantage for easy
access to the conduction bands through electron doping,
and to further reveal the possible change of band gap
upon doping. Here we report the electronic structure of
semiconducting SnSe single crystals grown using Sn-rich
flux synthesis. We present a systematic analysis of the
electronic structure to reveal the multivalley physics and
effective mass which is key to its thermoelectric proper-
ties. Moreover, by surface doping through potassium (K)
deposition, we report a widely tunable band gap from 1.2
eV to 0.4 eV. Our results provide not only direct explana-
tions for the electronic origin of its excellent thermoelec-
tric properties but also offer new possibilities for tunable
electronic and optoelectronic devices.
METHODS
High quality SnSe single crystal was grown by self-
flux method. High purity Sn granules (99.99%, Alfa Ae-
sar) and Se ingot (99.99%, Alfa Aesar) at a molar ra-
tio of 95:5, were loaded in a silica tube, which is flame-
sealed in a vacuum of ∼ 1 Pa. The tube was heated at
800◦C for 48 hours to homogenize the starting materi-
als. To minimize the formation of SnSe2 micro-domains,
we have used a much slower cooling rate. The reaction
was then slowly cooled to 400◦C at 10◦C/h to crystal-
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FIG. 1. Crystal and electronic structure of SnSe. (a) Side view of the crystal structure of SnSe. (b) Raman spectrum
measured at room temperature. (c) Temperature dependent resistivity of SnSe. The inset shows the picture of one single
crystal with a few mm size. (d) A schematic drawing of the pockets in the Brillouin zone. (e-i) Different momentum cuts
labeled in (d). (j) Intensity maps at constant energies from -0.9 eV to -1.3 eV of SnSe at a photon energy of 35 eV. Black
dashed line indicates surface BZ. The gray dots indicate the high-symmetry points of the BZ, and the black arrows indicate
the different pockets.
lize SnSe in Sn flux, and the excess Sn was centrifuged
isothermally. The doping concentration of the different
batches of samples used in the angle-resolved photoemis-
sion spectroscopy (ARPES) measurements are slightly
different, resulting in a small variation of Fermi en-
ergy by ± 0.2 eV on different samples. Surface-sensitive
ARPES measurements have been performed at BL.4.0.1
and BL.10.0.1 of the Advanced Light Source using photon
energies from 30 eV to 80 eV. The crystals were cleaved
in-situ and measured at a temperature of T≈20 K in vac-
uum with a base pressure better than 1×10−10 Torr. All
the first-principle calculations are preformed within the
framework of density-functional theory (DFT) by using
the plane-wave basis Vienna ab initio simulation pack-
age (VASP) code, which implements the Perdew-Burke-
Ernzerhof-type generalized gradient approximation. The
experimental crystal structure of SnSe bulk is carried out
in the whole calculation. A (11×11×5) Monkhorst-Pack
grid and a plane-wave energy cutoff of 400 eV is used
for self-consistent field calculation. Spin-orbit coupling
and Van-der-Waals interaction are also taken into ac-
count in our calculations. Since standard DFT calcu-
lation usually underestimates the bandgap of materials,
the hybrid exchange and correlation functional of Heyd-
Scuseria-Ernzerhof (HSE) has been shown to be more
successful in predicting energy gaps and other physical
properties. A 7×7×3 k-mesh grid is adopted in the HSE
calculation.
RESULTS
Low-temperature phase SnSe crystallizes in the lay-
ered orthorhombic structure with space group Pnma [20].
Figure 1(a) shows the crystal structure. Each unit cell
consists of four formula units and the structure contains
two puckered atomically-thick slabs with zigzag and arm-
chair patterns along the b(Y) and c(Z) axes directions,
respectively. Sn and Se atoms within such slabs are co-
valently bonded, while they are weakly coupled through
van der Waals interactions along the a(X) axis. The SnSe
structure can also be viewed as a distorted rocksalt struc-
ture with Sn-Se-Sn angles deviated from 90◦. X-ray and
Laue diffractions (see Supplemental Material SI I [21] for
X-ray and Laue diffractions) and Raman measurements
reveal the high quality of the single crystals. The Raman
spectrum in Fig. 1(b) shows four characteristic modes at
∼ 69, 108, 128 and 149 cm−1 that are assigned to A1g, B3g,
A2g and A
3
g symmetry respectively for the Pnma phase of
SnSe [22, 23]. The absence of peak at 185 cm−1 [24] sug-
gests the success of our Sn-rich growth synthetic strategy
in avoiding the formation of SnSe2 impurities [15]. The
resistivity in Fig. 1(c) shows an increase of resistivity at
low temperature, which further verifies the semiconduct-
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FIG. 2. Dispersions and effective mass analysis of the P1 and P2 pockets of SnSe along high symmetry directions.
(a) Zoom-in of the red dashed rectangular region in Figure 1 (j). (b) Dispersions of pockets P1 and P2 along the Γ-Z direction.
(c-d) Parabolic fitting to extract the effective mass (m∗) of pockets 1 and 2 along the Γ-Z direction. (e,g) Dispersions of
pockets P1 and P2 along the Γ-Y direction, respectively. (f,h) Parabolic fitting line for extracting the effective mass (m∗) of
pockets P1 and P2 along the Γ-Y direction, respectively. ARPES data in Figure 2 are measured at a photon energy of 80 eV.
ing property of our SnSe crystals.
The multivalley pockets in the valence band of SnSe
are revealed by ARPES measurements. The valence elec-
tronic structure of SnSe consists of three hole pockets la-
beled as P1, P2 and P3 and their locations are schemat-
ically shown in Fig. 1(d). As these pockets are weakly
dispersing along the kx direction (see Supplemental Ma-
terial SI II [21] for photon energy dependence band dis-
persions), we focus on their dispersions only along the in-
plane directions. P1 and P2 are closely spaced, located at
(0.00, 0.62A˚−1) and (0.00, 0.47A˚−1) of the Brillouin zone
respectively. Their dispersions along the high symmetric
directions are shown in Fig. 1(e-g). The valence band
maximum (VBM) of P1 and P2 pockets are nearly equal
in energy at ≈ -0.9 eV. This is at much lower energy com-
pared to previous work where the VBM is located near
the Fermi level (EF ) [15–18], again supporting the semi-
conducting property of our samples. Another hole pocket
P3 emerges at slightly lower energy, with the VBM at ≈
-1.2 eV at (± 0.42, 0.00A˚−1). Compared to P1 and P2,
P3 has more linear dispersions along both high symmet-
ric directions (see Fig. 1(h, i)). Figure 1(j) shows the
ARPES intensity maps measured at energies from -0.9
to -1.3 eV, where the evolution of these hole pockets is
clearly revealed.
Since P1 and P2 are directly related to the multival-
ley physics which is essential for the high thermoelec-
tric coefficient, we show in Fig. 2 a detailed analysis of
these pockets and the effective mass to reveal the elec-
tronic origin of the thermoelectric properties. The evo-
lution of these two pockets with energy is revealed in
the zoom-in plot shown in Fig. 2(a). These pockets, sep-
arated at the VBM, gradually grow in size and finally
merge together at lower energy. The effective mass m∗
of the band structure at the VBM is a critical factor for
the high Seebeck coefficient S and the power factor σ
for thermoelectric materials. By fitting the dispersion of
these two bands near the VBM with a parabolic function
(Fig. 2(b-h)), the extracted effective mass along the Γ-
Z and Γ-Y directions is m∗P1Z = 0.21 me, m
∗
P1Y
= 0.16
me for P1 and m
∗
P2Z
= 0.25 me, m
∗
P2Y
= 0.17 me for
P2. Such closely spaced multibands near the VBM are
beneficial for improving the ZT coefficient. The overall
ZT along the c axis direction (i.e. armchair direction)
is calculated by ZTmax ∝ [γ1 τ1
√
m∗X1m
∗
Y1
/m∗Z1 + γ2
τ2
√
m∗X2m
∗
Y2
/m∗Z2+......] where m
∗
Xi/Yi/Zi
is the effec-
tive mass for band i of the charge carriers along the a/b/c
axis, γi is the degeneracy of the bands (two for each band
discussed here), and τi is the relaxation time of the car-
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FIG. 3. Doping dependence dispersions of SnSe along the Γ-Y direction. (a) Schematic illustration of the in situ
surface K deposition. (b) Evolution of K 3p core-level spectra for Figure 3(c-j), characteristic peaks of K are labbled as red
arrows. (c-j) Band structure evolution of SnSe along the Γ-Y with increasing K doping. Red solid lines in (c) are calculated
dispersions along the Γ-Y direction of bulk SnSe for comparison.
riers along the transport direction for band i [25]. The
highly anisotropic thermoelectric coefficiency can be ex-
plained by the measured dispersions. For instance, the
ZT coefficient along the a axis (interlayer) direction is re-
lated to
√
m∗Ym
∗
Z/m
∗
X , which is much smaller than that
along the in-plane b/c axis direction due to the weak dis-
persion along the Γ-X direction and the resulting large
effective mass m∗X . Similarly, the slightly smaller m
∗
Y
compared to m∗Z leads to a slightly larger ZT along the b
axis direction, which is in good agreement with the mea-
sured ZT [2, 3]. Besides the effective mass, another key
contributing factor for its high ZT is the intervalley scat-
tering in the almost degenerate band structure. Namely,
the in-plane dipole field can lead to a much longer relax-
ation time τi, but with negligible effect on the mobility
or ZT. The more complex band structure of layered SnSe
with multivalleys and a larger effective mass give rise to
a higer ZT than that of rock salt structured PbTe and
SnTe [1].
We further discuss the effect of hole and electron dop-
ing on the thermoelectric performance. We note that
ZT ∝ S2 and the Seeback coeffeicient S is determined
by the density of state (DOS), average effective mass m∗d
=(m∗Xm
∗
Y m
∗
Z)
1/3γ2/3, and carrier concentration n by S ∝
m∗d n
−2/3 [26–28]. Hole doping shifts these multivalleys
toward the Fermi energy and increases their contribu-
tions. The decrease of S caused by the increase of carrier
concentration n is therefore balanced by the enhanced
contribution of multivalleys with a large m∗d.
In addition to hole doping, further investigation on
the thermoelectric performance related to the conduc-
tion bands of heavily electron doped SnSe is also criti-
cal. Since the conduction bands of our semiconducting
SnSe sample are only slighly above EF , we can easily
shift them to below EF through potassium (K) deposi-
tion (Fig. 3(a)) to investigate the effect of electron dop-
ing. The amount of K deposited can be estimated from
the number of peaks in the core level spectra of K 3p
(Fig. 3(b)). The first K 3p core level peak emerges at
about 18 eV in binding energy, and grows in intensity
as K atoms are deposited on the sample surface. As the
second K over layer starts to grow, a pair of chemically
shifted K 3p peaks appears at a higher binding energy
about 18.5 eV [29, 30]. Figure 3(c-j) shows the band
structure evolution of SnSe along the Γ-Y direction upon
K deposition. With electron doping, two pockets emerge
near EF , one directly above the hole pocket P3 and the
other at the Γ point. In the initial stage of doping, the
band structure does not change significantly compared to
the band dispersion of bulk SnSe (see Supplemental Ma-
terial SI III [21] for calculated band dispersion of bulk
SnSe). Comparison of the experimental data with band
structure calculation (red solid lines in (c)) shows a good
agreement, suggesting that these pockets are from the
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FIG. 4. Doping dependence band gap evolution of SnSe. (a-n) Band structure evolution of SnSe along Γ-Z with
potassium doping at different time. The red and black arrows indicate the CBM and VBM, respectively. Red solid lines are
Γ-Z direction calculated dispersions of bulk SnSe for comparison. (o) Band gap evolution of SnSe as a function of K dosing.
(p) Schematic drawing of the band evolution with K doping along the Γ-Y direction.
conduction bands. The sharp single-valley bands near
EF with an effective mass of m
∗ = 0.22 me indicates
that highly electron doping cannot enhance the thermo-
electric performance as much as hole doping.
More importantly, high electron doping can lead to a
significant change of the band gap. From panel (b) to
(j), the pocket at the Γ point near EF becomes larger
with increasing K dosage and shows a parabolic disper-
sion. This parabolic band is the renormalized conduction
band and is not caused by potassium-related quantum
well states (QWS) as reported in other samples [30, 31]
for the following reasons. Firstly, this pocket is in good
agreement with the calculated conduction band (Fig. 3(c)
and Fig. 4(a)), suggesting that it is the conduction band.
Secondly, QWS emerge suddenly without shifting in en-
ergy [31], while this pocket is originated from the con-
duction band and evolves continuously, i.e. graduately
shift in energy). Moreover, two QWS are expected when
the thickness of K reaches 2 ML [30], while we still ob-
serve only one band centered at Γ (Fig. 3(h-j)). Thirdly,
upon K deposition, the valence band first shifts down
in energy and then moves up gradually (see arrows in
Fig. 4(a-n) and schematic drawing in Fig. 4(p)). Such
anomalous shift of the valence bands to lower binding
energies with increasing electron doping indicates an ex-
ternal field on the sample to renormalized its band struc-
ture, as a result of electron-electron interaction, i.e. the
negative electronic compressibility effect [32, 33]. As the
conduction band shifts to lower energy, a pocket emerges
from the valence band directly below and it shifts in op-
posite direction to the conduction band. This leads to a
significant reduction of the band gap.
The change of the gap size is also clearly observed in
data taken along the Γ-Z direction (Fig. 4(a-n)), where
the CBM and VBM shift toward each other, resulting in
a reduced band gap. Figure 4(p) summarizes the evolu-
tion of the band gap as a function of K dosage, where
the band gap is widely tunable from 1.2 eV to 0.4 eV.
A schematic drawing of the band evolution is shown in
(q). The tunable electronic state of SnSe with continu-
6ous electron doping is likely to be induced by a vertical
electric field from K, which affects the real-space distri-
bution of valence band (VB) and conduction band (CB)
electrons. By shifting the VB and CB in opposite direc-
tions, the vertical electric field can lead to a renormal-
ization of the band structure with a reduced band gap
[34–37]. A reduction of band gap size by surface doping
[38] and electric field [39] has been reported in black phos-
phorous with a similar crystal structure. Although the
exact physical mechanism still awaits further theoretical
investigations, our work provides an important opportu-
nity to tune the band gap of layered SnSe and suggests
that such tunability may be extended to other layered
monochalcogenides with similar crystal structure, pro-
viding new possibilities in the design and optimization of
electronic and optoelectronic devices.
CONCLUSION
To summarize, by performing a systematic ARPES
study of semiconducting SnSe single crystals, we reveal
the electronic origin of the excellent thermoelectric prop-
erties upon hole doping. We also find the electronic struc-
ture of SnSe is widely tunable via surface doping of K on
SnSe. These results provide new opportunities for design-
ing and optimization of electronic and optoelectronic de-
vices, and pave the way for studying a number of similar
group IV-VI materials with interesting electronic prop-
erties and wide band gap tunability.
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